increase the ChAT activity of brain cholinergic neurons in vitro and in vivo. We have cloned the rat ChAT gene and identified one 5' noncoding exon and 14 exons that account for the entire coding sequence. The exon organization is compared with the protein domans conserved during evolution. These exons are distributed over at least 64 kilobases in the rat genome; the larest intron is at least 14 kilobases long. Within a 0.7-kilobase region immediately upstream of the confirmed sequence of the noncoding exon, TATA-like elements and numerous potential binding sites for transcription factors are found, induding AP-1, Spl, octamer-binding factor(s), CTF/NF-1, and the nuclear oncoprotein Myb.
The neurotransmitter acetylcholine is synthesized from acetyl coenzyme A and choline by choline acetyltransferase (ChAT; EC 2.3.1.6). In the nervous system, the expression of ChAT is restricted to cholinergic neurons, which use acetylcholine as the main neurotransmitter. Thus, the expression of ChAT serves as the most specific marker yet known for cholinergic neurons (1) .
In Alzheimer disease, which is associated with selective dysfunction of central cholinergic neurons, significant reduction of ChAT activity has been observed in the cerebral cortex and other affected brain areas (reviewed in ref. 2) . Nerve growth factor (NGF) has been shown to enhance the ChAT activity of cultured central cholinergic neurons (3) . Furthermore, NGF injected into the cortex was retrogradely transported to the basal forebrain (4) , and NGF injected into the ventricle increased the ChAT activity ofbrain cholinergic neurons (5). Brain-derived neurotrophic factor, an NGF homolog, has also been shown to increase the ChAT activity of central cholinergic neurons in vitro (6) . These findings are consistent with the notion that the affected neurons in Alzheimer disease may be suffering from the paucity of a neurotrophic factor essential for central cholinergic neurons (7) .
Recently, ChAT cDNAs were isolated from Drosophila (8), pig (9), rat (10, 11) , and mouse (11). Here we report cloning and characterization of the rat ChAT gene. § The availability of the cloned gene should make it possible to investigate the molecular mechanisms for its cell-typespecific expression, which have implications in the development of cholinergic traits in the nervous system.
MATERIALS AND METHODS
RNA isolation with guanidinium isothiocyanate and poly(A)+ RNA selection were performed as described (12) . Isolation of rat genomic and phage DNA, Southern and Northern blot analyses, and primer extension with end-labeled oligonucleotides were also performed as described (12) .
Polymerase Chain Reactions (PCRs). All nucleotides in this report, except those in Fig. 5 Fig. 1A ), a PCR was performed with primers RC5 and RCO and 1.2 ,ug of poly(A)+ RNA from rat spinal cord. Its product was subjected to a second round of PCR with RCO and RC2. The second primer pair was included by the first; this method greatly facilitated the selective amplification of ChAT-specific products. Similarly, s22 was obtained by a PCR performed with RC5 and DS1 followed by a second PCR with RC1 and RC5. The short s24 fragment was obtained by a single PCR with DS1 and DS2 and 1 ug of poly(A)+ RNA from the caudate nucleus. These cDNA fragments were subcloned into plasmid pUC19 for nucleotide sequence analysis.
Library Screening and Analysis ofClones. The A EMBL3 rat genomic library used in this study (a gift of S. Hyman, Massachusetts General Hospital) had been constructed with Wistar rat DNA partially digested by Sau3A1 (13) . The library was screened and exons were identified as described (14) . Briefly, exons were localized to particular restriction fragments of phage inserts by Southern blot analyses, for which cDNA fragments were used as probes. Successively smaller plasmid subclones were derived from these fragments and sequenced, until each exon and the flanking intron sequences were revealed. Sequencing was performed as described (14) with Sequenase (United States Biochemical) on denatured plasmid templates (for exon sequences) and/or on phage M13 templates (for the sequence in Fig. 5 ).
RESULTS
ChAT Expression in Rat Tissues. To obtain probes for ChAT expression, we isolated ChAT cDNAs by PCR with primers based on a published cDNA (10) . Two cDNA pieces, s21 and s22, covering the entire coding region were isolated from rat spinal cord (Fig. 1A ). Using these cDNAs as a probe, we examined ChAT messages in rat spinal cord, brain tTo whom reprint requests should be addressed. §The sequence reported in this paper has been deposited in the GenBank data base (accession no. M88488).
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 (caudate nucleus) and PC12 cells (Fig. 1B) . PC12 is a rat pheochromocytoma cell line that has ChAT activity (15) . A message of =4 kb was detected in the brain and spinal cord, consistent with previously reported sizes (3.7-4.4 kb; refs. 9, 11, and 16). In contrast, a shorter message (=2.9 kb) was detected in PC12 cells. Recently, IbAfiez et al. (16) identified two ChAT messages (3.5 kb and 1.3 kb) in the rat testis, which differed in size from the neuronal form. When the RNAs from rat testis, spinal cord, and PC12 cells were electrophoresed in parallel, the ChAT messages in these samples all migrated with different mobilities (data not shown). Thus, at least four forms of rat ChAT mRNAs are present in neuronal and non-neuronal cells.
Structural Organization of the Rat ChAT Gene. Five phage clones were isolated from an EMBL3 genomic library. First, 106 phages were screened with the s24 probe (Fig. 1A) , and two phages (A6-1 and A4-1) were isolated. They contained -64% of the coding sequence, lacking its 5' and 3' ends. We then screened an additional 106 phages with probe A and 106 phages with probe E. One clone for the 5' end (A55), and two for the 3' end (A314 and A310) were isolated by these screens. Fig. 2 shows the restriction map and exon organization of the ChAT locus. Exons for all of the published cDNA sequence (10, 11) were found in the five phage clones, except for one copy of an 8-bp repeat (see below). There is a gap between phages A6-1 and A4-1 that has not been cloned, but this gap apparently represents only an intron, since the cDNA sequence is continued across the gap without a missing base. By genomic Southern blot analysis, the size of this gap was estimated to be at least 4 kb (data not shown).
Exon 1 (El) is purely noncoding; the translation initiation codon, ATG, is found in E2. The coding sequence is split into 14 exons (E2-E15), separated by long introns. The largest intron (between E7 and E8, containing a gap) appears to be at least 14 kb long. As shown in Fig. 3 , all the exons are flanked by splice-junction consensus sequences, AG and GT. The amino acids of the rat ChAT protein encoded by each exon are shown in Fig. 3 .
The last exon (E15) found in this study contains the translation stop codon, TAG. This exon continues for at least 483 bp without an intron to the 3' end ofthe published cDNA sequence (10, 11) ; its 3' border was not determined. In the genomic clone, an EcoRI site occurs immediately downstream to the 3' end of the published cDNAs (10, 11), suggesting a possibility that these cDNAs were restricted by EcoRI during cloning. The coding sequence in the genomic clones shows only minor differences from the cDNA (10, 11). Brice et al.'s cDNA (10) differs from Ishii et aL's (11) in that it has an AAG codon (for Lys) at positions 901-903, while the latter has an AAC codon (for Asn); our genomic sequence agrees with the latter. The 5' untranslated region of the former cDNA has two directly repeated stretches of CTCT-GCTA starting from position 164, while the latter has only one; the genomic sequence contains only one of these stretches. In addition, two base differences were found, which do not change the amino acid: an A to C change at position 970 and a C to T change at position 1419.
The rat ChAT gene is relatively large. The 15 exons are scattered over at least 64 kb in the genome (60 kb of cloned sequence and at least 4 kb of the gap). The published cDNAs (10, 11), 2.3 kb long, account for only about 50%6 of the 4-kb-long message; in it, there should be an additional 2 kb of noncoding sequences. Since the genomic counterparts of these noncoding sequences are not yet identified, the total size of this gene could be much larger.
Southern Blot Analysis of the ChAT Locus. The genomic map shown in Fig. 2 was confirmed by Southern blot analysis (Fig. 4) , for which high molecular weight rat genomic DNA was digested with either BamHI or HindIII and hybridized with various cDNA probes. As predicted by the map, BamHI digestion (lanes B) resulted in a 14-kb band detected by probes A, B, and C, and 8 kb and 4.2 kb bands were detected by combined DEF probe. Probe C detected a large BamHI band (-20 kb), which probably comprises 18.5 kb of cloned sequence and the gap between A6-1 and A4-1. HindIII digestion (Fig. 4, lanes H (10, 11) (Fig. 5) . To determine the transcription start site, we performed primer extension with two primers, PE3 (positioned at 850-826 in Fig. 5 Fig. 1A were used: lanes 1, probe A; lanes 2, probe B; lanes 3, probe C; lanes 4, probes DEF (combined). Probe A carries part of exon 2 (E2) and part of E3; probe B, part of E3, E4, E5, and part of E6; probe C, part of E6, in addition to E7-Ell; probes DEF combined, 4 bp of Ell, E12-E14, and part of E15.
Although the transcription start site was not identified, numerous potential binding sites for transcription factors (18) are found in this region, including two TATA-like elements, three sites for CTF/NF-1, one for Spl, and one octamer binding site. In addition, there are three possible sites for AP-1 and four for the nuclear oncoprotein Myb.
DISCUSSION
We have cloned the ChAT gene and analyzed its structure. Northern blot analyses identified four different ChAT mRNAs in rat brain (11, 16) , spinal cord (9, 11), testis (16) , and PC12 cells (Fig. 1B) , suggesting that different modes of RNA synthesis, such as alternative splicing or differential transcription initiation, are operative in these tissues. With the gene organization presented here, it would be possible to investigate in detail how the different forms ofChAT mRNAs are synthesized.
By comparing the predicted amino acid sequences of the Drosophila, pig, and rat proteins, Mallet and coworkers (9, 10) defined six regions in the ChAT protein that appear to be conserved during evolution. When the exon organization determined in this study is aligned with the amino acid sequence of rat ChAT (Fig. 3) , little correlation is found between the conserved regions and the coding exons; exon boundaries split most of the conserved regions. Several regions of the protein are suspected to be essential for its catalytic function. The putative catalytic domain RRLR-WKC, proposed by Ishii et al. (11) , occurs in exon 10. Exon 3 contains the sequence of EELDLPKLPVPPLQ, which was suggested to be the choline interaction site (17) . Exons 8 and 9 code for the histidine residues that might participate in the catalytic reaction (9, 10) .
The region shown in Fig. 5 inducible by NGF (19) . The AP-1 site is also implicated in the NGF-mediated regulation of the gene for tyrosine hydroxylase, another neurotransmitter-synthesizing enzyme (20) . Octamer-binding factors are likely to be involved in the development of the central nervous system (21) .
A wealth of information is available in the literature about the apparent elevation of ChAT activity by such agents as NGF (3, 5), brain-derived neurotrophic factor (6), cholinergic differentiation factor (22) , thyrotropin-releasing hormone (23) , insulin (24) , and a skeletal muscle extract (25) . Although a muscle-conditioned medium (10) has been shown to increase the steady-state level of ChAT mRNA, it remains largely obscure whether any of these processes of apparent ChAT induction involves changes in ChAT gene expression. The cloned gene presented in this report could provide a basis for mechanistic analyses of ChAT gene regulation.
Recently, cholinergic differentiation factor (22) , which induces ChAT activity in cultured sympathetic neurons, was shown to be identical to leukemia inhibitory factor, which induces the differentiation of a myeloid leukemia cell line (26, 27) . This may indicate that there is a differentiation pathway common in neuronal and myeloid lineages. The region shown in Fig. 5 contains four potential binding sites for the nuclear protein Myb, which induces myeloid leukemia in chickens (28) . Myb has been shown to be a transcriptional regulator (29, 30) . It will be interesting to test whether c-myb is expressed in cholinergic neurons and whether these binding sites are functional in vivo.
